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Gas-phase rate constants for the reactions of germylene, GeH2 , with dimethylether (CH3OCH3), methanol
(CH3OH), deuterated methanol (CD3OD), and deuterated water (D2O), have been determined at ambient
temperature (295 K) and total pressures over the range 10–200 Torr of the bath gas SF6 . The second-order
rate constants are pressure dependent up to the maximum pressures investigated. The behaviour of GeH2 with
these reactants is very similar to the behaviour observed for silylene, SiH2 . Over the same pressure range the
GeH2 reaction rate constants are smaller than those observed for SiH2 .
1. Introduction
Germylene, GeH2 , is one of the group XIV (previously group
IV) dihydrides, which also include methylene (CH2), silylene
(SiH2) and stannylene (SnH2). It is a reactive intermediate
important to chemical vapour deposition (CVD), a process
used to deposit germanium ﬁlms onto substrates during the
manufacture of semi-conductor components.1–3 There is a
desire to understand the fundamental chemistry of the simplest
germylene and how its reactions compare to its lighter Group
XIV counterparts. There are at present no direct kinetic data
for the heavier counterpart stannylene. We note, however, that
Walsh’s group has recently reported the ﬁrst rate constants for
an organostannylene [Sn(CH3)2] in the gas phase.
4
In 1996, Becerra et al. reported the ﬁrst direct measurements
of reaction rate constants for GeH2 .
5 These gas-phase mea-
surements involved GeH2 reacting with O2 , trimethylsilane,
acetylene, i-butylene and propane at room temperature. Since
this initial report, Walsh’s group has extended its studies and
we have also reported rate constants for GeH2 reactions with
a number of species.6–15 The species for which reaction rate
constants with GeH2 have been published to date are summar-
ized in Table 1.
It can be seen from Table 1 that there have been no pub-
lished kinetic studies of GeH2 with n-donor bases, such as
ethers or alcohols. The purpose of this paper is to report the
ﬁrst such study, focussing on the reactions of GeH2 with
CH3OCH3 (Me2O), CH3OH (MeOH), CD3OD and D2O.
We have recently completed and reported on an extensive
study of the reaction of SiH2 with these reactants
16,17 and have
previously published rate constants for singlet methylene,
2CH2 , reacting with such species.
18 Consequently, there is
the opportunity for a comparison between the three group
XIV analogues reacting with n-donor bases. Heaven et al. have
reported the results of ab initio calculations on the pathways
for GeH2 reaction with these species
19 and have extended this
to predict the channels that are kinetically favoured for the
various reactants.20 On the basis of the reaction mechanism
observed for SiH2 and the results of the ab initio calculations
for GeH2 , the reaction of GeH2 with these species is expected
to occur via the formation of a complex with signiﬁcant charge
transfer character.
2. Experimental details
The experimental system is based on that used in earlier kinetic
studies of CH2 (a˜
1A1),
18,21–28 SiH2
16,17 and GeH2 .
8,9 The
experiments were conducted at an ambient temperature of
295 K. Brieﬂy, an excimer laser operating at 193 nm photolyses
phenylgermane, PhGeH3 to produce GeH2 . The excimer laser
operated with a pulse energy of 70–100 mJ and passed through
the cell unfocussed. While we have no measurements of the
extent of decomposition of the PhGeH3 precursor per laser
shot, the indications from our earlier kinetic study of GeH2
reacting with PhGeH3 are that the value is very small and
has no inﬂuence on the kinetics being measured. Our previous
study9 has shown that under our experimental conditions
PhGeH3 is a suitable precursor for GeH2 kinetics, in contrast
to earlier observations by Walsh’s group.5 The GeH2 concen-
tration is followed by time-resolved laser absorption using a
single mode cw ring dye laser tuned to the 74GeH2 band at
17,111.31 cm1.5 The experiment is performed under condi-
tions such that the reactions are pseudo-ﬁrst order. To mini-
mise non-germylene contributions to the signal, two sets of
decay traces are recorded, one with the laser tuned to a
GeH2 absorption (signal) and one with the laser detuned from
GeH2 (background). The background is subtracted from the
signal to provide the GeH2 decay signal. The background
appears to be associated with the production of a ﬁne ‘‘dust ’’
product and is most likely due to scattering from it. We found
that the background is wavelength independent, at least over a
small wavelength region. The background was typically 20% of
the signal under high-pressure conditions (where the problem
is largest). The precursor, reactant and a buﬀer gas ﬂow con-
tinuously through the reaction cell to prevent the build up of
reaction products. The gas residence time within the cell is
ca. 20 s and the photolysis laser operates at a pulse repetition
rate of 0.5 Hz. There is no evidence for secondary photolysis
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inﬂuencing the results. Four to six replicate runs are performed
at each reactant pressure.
The decay curves are analysed using a biexponential ﬁtting
procedure. The rise time of the biexponential ﬁt is required
to describe the rotational relaxation occurring within the
GeH2 , which is formed in a non-thermal distribution during
the photolysis process. This eﬀect has also been seen in our
previous kinetic studies of singlet CH2 and SiH2 .
16–18,21–28
We have shown previously that the rate constants are indepen-
dent of photolysis wavelength, indicating that vibrational
relaxation is not an issue in this system.9
The rate constants reported here were obtained with total
cell pressures in the range 10–200 Torr. The PhGeH3 pressure
was in the range 10–25 mTorr. The reactant pressure was typi-
cally varied in the range 0.02–1.0 Torr. Gas ﬂow rates are con-
trolled using mass ﬂow controllers (MKS). SF6 (99.9%, BOC)
was used as the buﬀer gas as it is an eﬃcient collision partner
that does not react with GeH2 . At 10 Torr of SF6 , impurities
at the 0.1% level correspond to 10 mTorr, comparable to both
the lowest reactant pressure used and the precursor pressure.
At 200 Torr of SF6 this level of impurities corresponds to
200 mTorr. This could potentially cause interference with the
reaction rate constants being measured. Since the rate con-
stants are measured at a ﬁxed total pressure with the reactant
concentration varied, the eﬀect of impurities in SF6 is to alter
the intercept of the plots of pseudo-ﬁrst-order rate constant
versus reactant pressure and not the slope, which gives the
desired second order rate constant. A problem arises if the
reaction between GeH2 and SF6 impurities is suﬃciently rapid
that it dominates the pseudo-ﬁrst-order rate constant and var-
iations due to changes in the reactant rate constant are unob-
servable. BOC advise that the impurities in the SF6 are air and
carbon tetraﬂuoride. Based on the behaviour of CH2 and
SiH2 , and on a comparison of the relative rate constants for
reaction by these species and GeH2 , the latter is not expected
to react with any of these impurities at a rate that would be
detectable in the experiments.25,29,30 The results of the experi-
ments with D2O, which reacts very slowly with GeH2 , conﬁrm
this. Likewise, the reactants used will not be aﬀected by the
presence of these impurities.
PhGeH3 was synthesised as described by Durig et al.
31 and
its purity tested by its boiling point under vacuum and by
comparison with published infrared spectra. Me2O
(Aldrich, > 99%), CD3OD (CIL, 99.8 atom %), MeOH
(Merck, > 99.8%) and D2O (ANSTO, >99%) were used as
supplied. All liquids were thoroughly degassed prior to use.
3. Results
Previously, we have reported reaction rate constants for SiH2
with Me2O, MeOH and CD3OD up to 800 Torr in Ar.
16,17
The experiments reported here are up to 200 Torr in SF6 .
The limit of 200 Torr arises because the signal levels for the
GeH2 system decrease with increasing pressure. The reason
for this decrease has not been explored, but qualitatively we
observed that there appeared to be an increase in the forma-
tion of a ﬁne ‘‘dust ’’ at higher pressures and we suggest that
scattering of the probe laser by this dust is most likely respon-
sible. Qualitatively, it was observed that at the same precursor
concentrations and photolysis pulse energies the GeH2 signal
levels at 10 Torr were similar to those seen for SiH2 at 500–
600 Torr. Thus the maximum pressure that could be reached
for GeH2 was less than could be achieved for SiH2 . For this
reason SF6 was chosen as the bath gas because it is a more eﬃ-
cient collider than Ar.
Our previous work on the reactions of SiH2 with the reac-
tants studied here has shown that the high-pressure limit for
these reactions is reached at very high pressures (> 105
Torr).16,17 It is expected that the GeH2 reactions studied here
will show similar pressure dependence to that exhibited for
SiH2 . Consequently, the data are expected to provide rate con-
stants far from the high-pressure limiting values.
The experimental observable is the GeH2 relative concentra-
tion as a function of time following the photolysis laser pulse.
Typical decay traces for GeH2 at low total pressure (10 Torr)
have been given previously8,9 and the signal levels in the pre-
sent series of experiments are comparable to these. A typical
decay trace at high total pressure (150 Torr) is shown in
Fig. 1. Fits to such decay curves yield the pseudo-ﬁrst-order
rate constant, k1 , for the reaction. k1 is a combination of reac-
tion with the reactant and with the precursor:
k1 ¼ k2½R þ k02½P
where k2 is the second-order rate constant for reaction with the
reactant, R, and k02 is the second-order rate constant for reac-
tion with the precursor, P. The precursor concentration is ﬁxed
while the reactant concentration is varied. A typical plot of k1
Table 1 A summary of the reactions of GeH2 with various substrates for which bimolecular rate constants have been extracted by direct methods
Bond type Reactant k2/cm
3 molecule1 s1 Temperature/K Ptotal/Torr and bath gas Ref.
C–H C3H8 <1.1 1014 295 10 (N2) 5
Ge–H Et3GeH (2.66 0.11) 1010 at 292 K 292–557 1–100 (SF6) 6
Me2GeH2 (2.38 0.11) 1010 297 10 (SF6) 7
DMGCPa (3.48 0.16) 1010 295 10 (N2) 5
PhGeH3 (3.00 0.10) 1011 at 295 K 295–436 10 (SF6) 8,9
GeH4 (5.07 0.21) 1011 at 292 K 292–520 1–100 (SF6)b 10
Si–H Me3SiH (8.18 0.14) 1011 at 295 K 295–528 10 (N2) 1–100 (SF6) 5,11
(1.03 0.05) 1010 at 295 K 295–436 10 (SF6) 8,9
SiH4 (1.19 0.03) 1011 at 295 K 295–554 1–100 (SF6)b 12
C=C 1,3-C4H6 (3.03 0.12) 1010 295 10 (N2) 5
i-C4H8 (1.24 0.08) 1010 295 10 (N2) 5
(1.41 0.10) 1010 295 10 (SF6) 9
C3H6 (8.92 0.31) 1011 at 293 K 293–415 1–100 (SF6)b 13
C2H4 (4.01 0.19) 1011 at 293 K 293–555 1–100 (SF6)b 15
aromatic C=C C6H6 (1 1) 1012 295 10 (SF6) 8
CC C2H2 (1.29 0.04) 1010 295 10 (N2) 5
(1.38 0.04) 1010 at 295 K 295–346 10 (SF6) 8,9
O=O O2 (6.11 0.17) 1013 295 10 (N2) 5
H–H D2 <1.0 1014 <1.7 1014 293 585 0–79.4 (D2) 0–51.0 (D2) 14
a 3,4-Dimethyl-1-germacyclopent-3-ene. b Indicates that a pressure dependence is observed.
1558 Phys. Chem. Chem. Phys., 2003, 5, 1557–1561
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versus reactant pressure at high total pressure is shown in
Fig. 2. The slope gives the second-order rate constant, k2 , at
each total pressure. The intercept is due to the reaction
between GeH2 and the precursor, PhGeH3 . This reaction
has been studied previously. It follows the expected pseudo-
ﬁrst order kinetics under the experimental conditions used here
and the bimolecular reaction rate constant has been reported.9
The intercept is highly reproducible and matches that expected
from the published rate constant. Reaction with PhGeH3 is
facile and leads to the intercept being large even though a mini-
mal pressure of precursor was used. Nevertheless, the data are
of suﬃcient quality that the changes in the decay rate asso-
ciated with the addition of reactant are generally readily
discernible and highly reproducible (except when using parti-
cularly ineﬃcient reactants such as D2O—see section 3.1), as
indicated by the magnitude of the error bars displayed in
Fig. 2 and the linear change in the pseudo-ﬁrst-order rate con-
stant with reactant pressure.
3.1 GeH2+D2O
The reaction of GeH2 with D2O was explored at two total
pressures, 30 and 100 Torr. It was found at both pressures that
the reaction with D2O is very ineﬃcient. The signal due to
reaction with D2O added was little changed from that due to
reaction with the precursor, PhGeH3 , alone. For this reason
the rate constants have large uncertainties. The second-order
rate constants extracted at 30 and 100 Torr are 8 4 1013
cm3 molecule1 s1 and 8 6 1013 cm3 molecule1 s1,
respectively. While the two values are nominally the same,
the uncertainties are such that one cannot make any comment
on the pressure dependence. Ineﬃcient reaction of GeH2 with
D2O is not surprising in view of the observation that reaction
of SiH2 with H2O is ineﬃcient.
17
If these reactions proceed through an association complex
then the eﬀect of reactant deuteration is a secondary isotope
eﬀect. The eﬀect is typically to decrease the rate constant
because the critical energy for the reaction is increased by
the changes in zero point energy associated with the changes
in vibrational frequencies. However, this decrease refers to
the high-pressure limit rate constant. At lower pressures, i.e.
at the low-pressure limit and in the fall-oﬀ regime, there can
be an inverse isotope eﬀect whereby deuterated reactants typi-
cally display larger rate constants than their hydrogenated
counterparts (see, for example, experimental data and
RRKM/master equation calculations for SiH2 reacting with
CH3OH and CD3OD,
17 and the discussion in Robinson and
Holbrook32). Because it is well into the fall-oﬀ regime, the
reaction of GeH2 with H2O is expected to have a smaller rate
constant than reaction with D2O and so measurements of
GeH2 with H2O were not attempted.
3.2 GeH2+Me2O, MeOH and CD3OD
The reactions of GeH2 with Me2O, MeOH and CD3OD are
signiﬁcantly more eﬃcient at the same total pressures than
was the case for D2O. The second-order rate constants are
listed in Tables 2–4 and plotted as a function of total pressure
in Fig. 3.
The rate constants show a signiﬁcant increase with increas-
ing total pressure. For Me2O, for example, the rate constant
increases by a factor of ca. 7 from 10 Torr to 150 Torr. There
is no indication for any of these reactants of the rate constant
reaching the plateau of the high-pressure limit by 200 Torr and
the reactions remain in the fall-oﬀ region up to this pressure.
Deuterated methanol displays larger rate constants than
methanol. This eﬀect has been seen previously in the analogous
reactions for SiH2
17 (see discussion above under 3.1). RRKM/
master equation calculations for the SiH2+methanol system
reproduced the eﬀects of deuteration.17 For these calculations
the critical energy for the SiH2+CH3OH reaction was reduced
from the SiH2+CD3OD value according to the changes in
zero point energy determined by ab initio calculation of the
vibrational frequencies of the complex.
4. Discussion
The reactions of GeH2 with Me2O, MeOH and CD3OD are
clearly pressure dependent up to the highest pressure studied.
The pressure dependence is analogous to that observed for
SiH2 reactions with the same species.
16,17 While the data are
not of suﬃcient quality to establish a pressure dependence in
the case of D2O, it is likely, based on the reaction of SiH2 with
Fig. 1 Typical decay trace for GeH2 (25 mTorr of PhGeH3 precur-
sor) reacting with 0.5 Torr CD3OD at 150 Torr total pressure (SF6
bath gas) and 295 K. The points are experimental data while the solid
line is the biexponential ﬁt to these data. The lower trace shows the
residuals from the biexponential ﬁt (oﬀset for clear display).
Fig. 2 Typical plot of the pseudo-ﬁrst-order rate constants versus
reactant pressure for the reaction of GeH2 with CD3OD. The data
are for a total pressure of 150 Torr at 295 K in SF6 bath gas. The error
bars correspond to plus/minus one standard deviation from the mean
of 4–6 replicate runs at each reactant pressure.
Table 2 Second-order rate constants, k2 , for the reaction GeH2+
Me2O in SF6 bath gas at 295 K over the total pressure range 10–150
Torr
Total pressure/Torr k2/10
11 cm3 molecule1 s1
10 0.79 0.03
30 2.15 0.07
50 2.83 0.12
100 4.85 0.05
150 5.82 0.13
Phys. Chem. Chem. Phys., 2003, 5, 1557–1561 1559
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H2O,
16 that the reaction is pressure dependent over the range
accessed in the present study. The pressure dependence
observed is one indication of a mechanism involving complex
formation. This is supported by ab initio calculations.19 The
calculated stabilization energies of the association complexes
for the GeH2 reactions studied here and those of the corre-
sponding SiH2 reactions are shown in Table 5. The presence
of such complexes in the cases of SiH2–Me2O and SiH2–
CD3OD has been conﬁrmed directly through the experimental
observation of equilibrium between reactants and the
complex.16,17
Empirical extrapolation of the experimental data to the
high-pressure limit, using for example the Lindemann–Hin-
shelwood formula, is fraught with uncertainty. Such extrapola-
tions are only reliable when the experimental data extend to
near the high-pressure limit (e.g., to within 90% of the high-
pressure limit). For SiH2 with the reactants studied here,
RRKM/master equation calculations suggested that the reac-
tions are far from the high-pressure limit at a pressure of 200
Torr, the maximum accessed in the present study. Because
the stabilization energies of the association complexes formed
in the GeH2 and SiH2 reactions are similar and the barriers to
further reaction of the complexes are larger for GeH2 ,
19 it is
expected that the GeH2 reactions will also reach the high pres-
sure limit at unusually high pressures. For this reason it is not
useful to extrapolate to the high-pressure limit using an empiri-
cal model. Better extrapolations could be performed using
RRKM/master equation modeling, however because the data
are at a single temperature such ﬁts are also poorly constrained
and not likely to be quantitatively accurate. This issue has been
discussed by us previously when reporting the results of a tem-
perature and pressure dependence study of the SiH2+Me2O
reaction.16 In that case the RRKM/master equation calcula-
tions were compared to those performed earlier using a data
set limited to the pressure dependence of the rate constant at
a single temperature.33 Key parameters such as the critical
energy are poorly constrained and the high-pressure limit k2
values determined have signiﬁcant uncertainty.
The pressure dependence of GeH2 reactions has been inves-
tigated for a number of reactants previously (see Table 1).
Generally, reactions have been found to be pressure indepen-
dent in the range studied (typically 1–100 Torr), indicating that
they are in the high-pressure limit. Previous cases where a pres-
sure dependence has been reported are the reactions GeH2+
GeH4 ,
10 GeH2+SiH4 ,
12 GeH2+C3H6
13 and GeH2+C2H4 .
15
As noted above, based on our previous studies of SiH2
reaction with Me2O, MeOH and H2O, the reactions studied
here are expected to have strong pressure dependence and to
reach the high-pressure limit at unusually high pressure. The
bimolecular reaction rate constants refer to recombination
reactions that are the reverse of the unimolecular decom-
position of the intermediate complexes. Ab initio values for the
critical energies for these unimolecular reactions have been pre-
sented in Table 5. As we have discussed in relation to the corre-
sponding SiH2 systems,
16,17 unimolecular reactions involving
low critical energies are expected to give unusually large k(E)
values, and this leads to unusually high values of pressure
required to access the high-pressure limit. It is also predicted that
such systems can display unusual temperature dependence,
although this has not yet been experimentally veriﬁed. It is
usual for reactions involving an association complex to display
negative temperature dependence, i.e. the reaction rate constant
decreases with increasing temperature. For systems with very
low critical energies and a transition state involving large
separation, it has been predicted that near the high-pressure
limit the temperature dependence will switch to positive due to
the inﬂuence of the centrifugal barrier.16
Because of the strong pressure dependence it is diﬃcult to
compare the intrinsic reactivity of GeH2 with SiH2 . The only
datum available for a direct comparison under the same pres-
sure conditions is for Me2O at 150 Torr SF6 , as Ar was the
Table 3 Second-order rate constants,k2 , for the reaction GeH2+
MeOH in SF6 bath gas at 295 K over the total pressure range
10–200 Torr
Total pressure/Torr k2/10
11 cm3 molecule1 s1
10 0.11 0.03
50 0.80 0.04
100 1.64 0.12
150 2.30 0.17
170 2.26 0.10
200 2.46 0.06
Table 4 Second-order rate constants,k2 , for the reaction GeH2+
CD3OD in SF6 bath gas at 295 K over the total pressure range
10–200 Torr
Total pressure/Torr k2/10
11 cm3 molecule1 s1
10 0.41 0.01
50 1.14 0.03
80 1.66 0.03
70 1.45 0.01
100 2.31 0.08
120 2.66 0.08
150 2.76 0.08
200 3.39 0.10
Fig. 3 The pressure-dependent second-order rate constants for the
reactions GeH2+Me2O (circles), GeH2+MeOH (diamonds), and
GeH2+CD3OD (squares) in SF6 bath gas at 295 K. The solid lines
are Lindemann–Hinshelwood formula ﬁts to the data. These have been
included to highlight the trends in the data.
Table 5 Stabilization energies for the association complexes formed
between SiH2/GeH2 and the reactants H2O, CH3OH and CH3OCH3
(from ref. 19)
Reactant
Association complex stabilization energy/kJ mol1
SiH2 GeH2
H2O 53.3 46.1
CH3OH 75.8 63.1
CH3OCH3 84.3 70.4
1560 Phys. Chem. Chem. Phys., 2003, 5, 1557–1561
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bath gas primarily used in the SiH2 studies rather than SF6 .
Here the k2 values are 11.0 0.2 1011 and 5.82
0.13 1011 cm3 molecule1 s1 for SiH2 and GeH2 , respec-
tively, showing that the GeH2 reaction rate constant is reduced
from that for SiH2 . For SiH2+Me2O, the bimolecular rate
constant at 150 Torr SF6 is approximately the same value as
that for 260 Torr Ar. Comparisons of the 260 Torr Ar rate
constants for SiH2+CD3OD and SiH2+MeOH with the
150 Torr SF6 rate constants for the corresponding GeH2 reac-
tions shows that in both cases the GeH2 values lie below those
of SiH2 , the evidence points to GeH2 reaction generally being
slower than SiH2 reaction under similar experimental condi-
tions for this class of reactant. This has been observed in other
systems and appears to be a general eﬀect.13 As we have not
established values for the rate constants in the high-pressure
limit, we are unable to compare the rate constants with those
of singlet methylene (1CH2). We note, however, that the reac-
tions of 1CH2 with these species do not show the same pressure
eﬀects as seen for SiH2 and GeH2 .
18
Heaven et al.19 have proposed that there may be a number
of pathways for the reactions studied. Since we have not
observed the ﬁnal products we are unable to comment on
the preferred pathway solely on the basis of the kinetics
obtained in this study.
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